In this work the range and scaling properties of the cooperative (contextual) interaction that was first proposed by Julesz [Foundations of Cyclopean Perception, University of Chicago Press, Chicago, 1971] to address the correspondence problem in stereopsis is measured. To this end the effect that flanking difference of Gaussians (DoG) patches produce on a perception of a target pair of patches is studied. The relative depth configuration of the target pair can switch from the small disparity gradient to a large disparity gradient state as a result of cooperative effects of the flanking stimuli. It is found that the interaction strength falls with distance. Its range varies for different subjects from 2 to 3 DoG patch sizes and scales proportionally to the size of the stimuli. The results suggest that a very localized cooperative interaction is in effect at a broad range of spatial scales. Ó
Introduction
The task of matching images between the two eyes is one of the most difficult steps in the stereopsis process. The root of the problem lies in the abundance of possible choices, which arise if simple primitives such as zero-crossings are matched. A stereo-matching model has to resolve this ''correspondence problem'' by eliminating false matches. The cooperative process postulated by Julesz (1971) and the algorithm first developed by Marr and Poggio (1976) address the correspondence problem by imposing the continuity constraint. Under this constraint, disparity of a surface in the original stereo-image varies smoothly from point to point. Then, if the surface does not slant in depth too steeply, true matches have close disparities, while false matches are scattered over a broad range of random disparity values. The cooperative algorithm boosts the true matches via a network of lateral excitatory connections between neurons tuned to nearby disparity values. This algorithm serves as a basis for other models of stereopsis, including Prazdny's (1985) and PMF (Pollard, Mayhew, & Frisby, 1985) matching algorithms. Although originally applied to opaque images, the algorithm also successfully resolves transparently overlaid surfaces, in which the continuity constraint must be understood in a broad sense, as the disparity continuity within a few subsets (transparent planes) of the whole image. Depth sensitive contextual effects of stimuli beyond the classical receptive field (Bakin, Nakayama, & Gilbert, 2000; Westheimer, 1986) indicate that there might be a physiological basis for the algorithm. Although there is no direct physiological evidence for the cooperative process, a number of psychophysical studies on the matching strategy in ambiguous stereograms (Kontsevich, 1986; Mitchison & McKee, 1987a,b; Papathomas & Julesz, 1989) suggest underlying cooperative interaction. In addition, in (McKee & Mitchison, 1998) it was shown that the matching strategy changes as the separation between stimuli increases. Rather than studying the matching strategy, the psychophysical experiment reported here was specifically designed to study the fundamentals of the cooperative effect, including its spatial range and scaling properties.
Method
The stimulus is a stereogram of four difference of Gaussians (DoG) patches observed on a computer Vision Research 42 (2002) [809] [810] [811] [812] [813] www.elsevier.com/locate/visres screen via standard liquid crystal stereo-glasses (Fig. 1) . Two patches which are horizontally aligned and located at different relative depths form the target pair. The other two patches positioned above and below the target pair are the flanking stimuli. The perception of the depth configuration of the target pair is ambiguous and can switch from a normally preferred small disparity gradient (SDG) to a large disparity gradient (LDG) state. This can happen as a result of a cooperative effect produced by the flanking stimuli, since they are positioned at the same depth as one of the target pair DoG patches in the LDG configuration ( Fig. 2a and b ). This DoG patch will be referred as the target patch.
One might also expect that the intrinsic cooperative interaction between patches in the target pair would bias its perception toward the SDG state. This would reduce the effect of the flanking stimuli by a constant value and thus increase the experimental error. Considering that the cooperative interaction is assumed to be operating at a relative disparity gradient close to zero, the experimental error was minimized by assigning the target pair patches to the largest possible disparity gradient value. The upper limit of the disparity gradient was set by the eventual overlap of the target pair patches in one of the eyes (see the left eye image in Fig. 1 ).
To avoid any bias due to focusing and eye movements the exposure time was limited to 150 ms. Also, to avoid the initial fixation depth bias, subjects were fixated at the depth exactly in between the depth of the target patch in the SDG and LDG configuration (see Fig. 2b ). The fixation mark is shown in Fig. 1 as the white vertical bar. In addition, the depth of the target pair and flanking stimuli were switched between ''far'' and ''near'' positions relative to the fixation depth from trial to trial in a random fashion.
The stimulus was designed in such a way that if the target pair is in the SDG state, neither of the constituent patches is aligned vertically with the flanking patches. On the other hand, if the perceived pair state switches into the LDG configuration, the target patch falls on the vertical line formed by the flanking pair of DoG patches (Figs. 1 and 2a) . Such a perceptual switch is easily detected even for a short exposure time and is an indicator of the target pair switching into the LDG configuration. The forced choice method has been used. In each trial subjects indicated the perception of three vertically aligned patches by pressing a ''yes'' or ''no'' key on the computer keyboard. The distance between the flanking stimuli and the target pair as well as the size of all patches were varied in the course of the experiment.
Two other control stimuli configurations shown in Fig. 2c, d were used to mask the correlation between the perception of the target pair configuration and its distance from the flanking stimuli. They were also used to monitor observers' performance, since they provided unambiguous instances of the test task. Thus, Fig. 2c shows the stimulus configuration for which a patch in the SDG match (rather than in the LDG match) is vertically aligned with the flanking stimuli. Since the SDG match is also positioned much closer to the fixation plane than the LDG match it receives a strong focusing bias. Therefore, this stimulus configuration represents the unambiguous ''yes'' task. On the contrary, for the configuration shown in Fig. 2d none of the target pair patches is aligned with the flanking pair for either match, and therefore this stimulus configuration represents unambiguous ''no'' task. One set of trials comprised 45 images with 15 different flank-to-target distances and the three stimuli configurations discussed above presented in a random fashion. After each set was repeated 10 times, the stimulus size was changed and the whole routine repeated. DoG patches of three diameters (0.3°, 0.45°and 0.6°) were used, while the separation between DoG patches was set proportionally to the Fig. 1 . The stimulus stereogram for a typical trial. The horizontally aligned pair of the DoG patches is the target pair. Depending on whether the matching for the target pair is crossed or uncrossed, the pair can be perceived in two different depth configurations. Two flanking DoG patches above and below the target pair are used to test if the cooperative interaction can disambiguate the target pair depth configuration. The flanking patches are vertically aligned with one of the patches in target pair, if the target pair matching is crossed. The separation between the flanking patches was varied in the course of the experiment. The white bar represents the depth fixation mark which has been shown for 2 s before a trial and erased at the beginning of the trial. current diameter value. The DoG diameter was defined as 2.5 times the standard deviation of the largest of the constituent Gaussians: D ¼ 2:5 Â r max .
Results and discussion
Three observers were tested in the experiment, of whom only YP was non-naive and had previously taken part in stereo-vision experiments. Control stimuli results testify that all three subjects performed above the 95% correct level for unambiguous stimuli. The control results did not show any correlation with the flank-totarget distance or the DoG patches size, and therefore are not shown. Results for the ambiguous stimulus configuration shown in Fig. 3 demonstrate that for all subjects the perception of the test patch depth correlates with the distance to the flanking patches, and is roughly scale invariant. For short distances (0.75-1.25 times the patch diameter) for almost 100% of the trials, subjects perceive the target pair in the LDG configuration. This clearly indicates that the flanking stimuli are engaged in a cooperative interaction with the target pair, which facilitates the perception of the LDG match. It appears that the strength of this interaction decreases as the distance between the target pair and the flanking stimuli increases, so that at distances larger than 4 patch diameters the target pair perception is biased towards the SDG configuration. As discussed in the previous section the reason for this bias might be the intrinsic cooperative interaction in the target pair. Since the LDG match is still perceived in 25-50% of the trials, the undesirable bias towards the SDG state is rather mild.
By fitting the observed data with an appropriate monotonically decreasing function one can quantify the cooperative interaction range. To this end, the Gaussian function was used in the present work because it gave a better overall fit than linear and exponential decay functions. A constant background level b was added and fitted along with the Gaussian function to account for the responses without the input from the flanking stimuli (for large flank-to-target separation values x). The fit function b þ A exp½À 1 2 ðx=rÞ 2 shown in Fig. 3 by dashed curves provides an estimate of the interaction range as the standard deviation r. All three fit parameters b, A and r were optimized by the least-squares algorithm. An alternative way to estimate the interaction range is to determine the values of x at which the fitted curves cross the 50% level. Fig. 4 and Table 1 show the interaction range defined in both ways and normalized by the size of the stimuli. One can see that for both the experienced and naive observers the interaction is rather short-ranged (1.5-3 times the stimulus size), and scales well with the stimulus size.
The present results strongly support the presence of a cooperative interaction during the stereo-matching process. As discussed above, such an interaction could be produced by lateral excitatory connections extending over a certain local neighborhood of each depthencoding neuron. Our results indicate that for a given stimulus size this neighborhood is very small and scales proportionally to the stimulus size.
It is quite difficult to accommodate these findings in the framework of a traditional cooperative interaction scheme. In such a scheme neurons encoding zero-crossings or other primitives require connections extending at least as far as the average distance between neighboring primitives. If, compared to the primitive's size, this distance is relatively long (as, for example, in sparse random-dot stereograms), then long-range connections are required to solve the correspondence problem. To overcome this difficulty one needs to incorporate the cooperative interaction at different spatial scales. Then, while being relatively local for each spatial frequency, the overall interaction is effectively longranged. Such a stereo-matching mechanism requires disparity detectors which are tuned to a wide range of spatial frequencies with low frequencies contributing mostly to processing larger disparities. Psychophysical studies (Smallman & MacLeod, 1994) show that this is indeed the case. Stereo-matching algorithms featuring disparity detectors at a range of spatial frequencies (Jones & Malik, 1992; Kass, 1983; Mayhew & Frisby, 1981) give good results when applied to artificial and natural images. Although these algorithms look for matches between composite outputs of many filters, Fig. 3 . Experimental results for three observers and three different stimuli sizes. Shown is the percentage of trials in which the vertical alignment has been indicated, i.e. the LDG match has been perceived. The (Gaussian þ const) fit is plotted by the dashed curves, the 50% level by dot-dashed lines. Note that the interaction range has been normalized by the stimuli size.
and consequently the correspondence problem becomes much less severe, the cooperative interaction could further improve their performance.
Conclusions
A cooperative interaction between nearby stimuli has been observed in a simple stereoscopic matching task. The range of the observed interaction scales proportionally to the stimulus size, and varies among different subjects from 1.5 to 3 times the stimulus size. These results provide some support for the cooperative mechanism of stereopsis, although the short range of the observed interaction makes a stand-alone cooperative mechanism impractical. It is suggested that a multi-scale stereo-matching algorithm might be a better candidate to efficiently incorporate the observed cooperative interaction.
